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Valence electron energy-loss spectroscopy is used to investigate the plasmon excitations of ultrathin
SrTiO3 sandwiched between amorphous Si and crystalline Si. Two plasmon excitations were
observed, one at 15.8 eV and the other at 28.7 eV. Our calculations, based on dielectric-function
theory, suggest that the former peak originates from the coupling of the Si layers and is related to
the geometry of the structure, and the latter peak results from the SrTiO3 bulk plasmon after a
redshift. Our findings demonstrate the value of valence electron energy-loss spectroscopy in
detecting a local change in the effective electron mass. © 2010 American Institute of Physics.
�doi:10.1063/1.3364144�

Functional oxides exhibit an unparalleled variety of ad-
vantageous physical properties for electronic applications,
such as high electron-mobility, high spontaneous polariza-
tion, and high superconducting-transition temperature.1 To
fully utilize these properties, it is very important to incorpo-
rate these materials into Si-based technology. SrTiO3 �STO�
thin films were grown on Si �100� single crystals without
silicon oxide interfacial layers.2–4 This crystalline oxide-
semiconductor system attracted much interest, especially the
structural and electronic properties of the STO film close to
the interface.5,6 However, many issues remain; for example,
we do not know how the electronic structure of changes un-
der compressive strain or with a different interfacial
structure.7

Electron energy loss spectroscopy �EELS�, together with
high resolution transmission electron microscopy �TEM�, of-
fers a powerful method for exploring local electronic struc-
ture with atomic-layer precision.8 Recently, the valence elec-
tron energy-loss spectroscopy �VEELS� technique was
applied to characterize electronic- and electromagnetic-
structure at the nanoscale. For example, Nelayah et al.9 em-
ployed it to measure surface-bound optical excitations in
nanoparticles; Sanchez et al.10 investigated the quantum
dots-in-well structure using the bulk plasmon peak, and Are-
nal et al. extracted the optical gaps of single boron-nitride
nanotubes using EELS. In our previous report, we proposed
employing the shift of the maximum loss peak to measure
the porosity of nanoporous MgO.9–12 However, caution must
be taken to link the EELS measurement with the physical
properties, because of the delocalization contribution associ-
ated with plasmon excitation and because of the multiple
factors that might shift the peak, such as the quantum-
confinement effect, the relativistic effect, the damping effect,

and the effective response of dielectric medium.13–16

In this letter, we report our study using VEELS tech-
nique on an ultrathin STO film, sandwiched between an
amorphous Si and a crystalline Si layer. We observed two
predominant peaks in the low energy-loss regime within the
ultrathin STO layer that do not match the corresponding
peaks in the bulk STO. We undertook calculations based on
dielectric theory and found that the shift of one of the main
peaks in the STO layer is related to the coupling of the Si
layers. We identified the other peak shift as reflecting the
change in the band structure of STO.

An approximately 1 nm thin film of STO, corresponding
to two and a half unit cells of STO with an �001� orientation,
was grown epitaxially on a �100� Si single crystal using mo-
lecular beam epitaxy. Then, an amorphous Si layer was de-
posited on the STO film at room temperature. The growth
sequence was optimized so that the terminal layer of STO
close to the Si crystal is an Sr–O layer, �Fig. 1�a��, consistent
with previous reports.2,17,18 We examined the specimens un-
der a Hitachi-2700C dedicated scanning-transmission elec-
tron microscope �STEM�. For these experiments, we used a
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FIG. 1. �Color online� �a� Schematic view �top� and cross-sectional high
angle annular dark-field image image �bottom� of the sandwich structure,
where x0 indicates the position of the electron probe and x0=0 sits at the
center of STO thin layer. �b� Comparison of deconvoluted EELS spectra of
amorphous-Si, STO thin film, crystalline Si, and bulk STO. The intensities
of these spectra are calibrated with the samples’ thicknesses.
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1.3 Å probe with a beam current of 5 pA. EELS spectra were
collected with a Gatan high-resolution spectrometer �Enfina
ER�, with an energy resolution of about 0.35 eV, by measur-
ing the full width at half maximum �FWHM�. All the EELS
spectra were aligned to the zero-loss peak and deconvoluted
using a Fourier-log method to remove the multiple-scattering
effect.8 The relative thickness of the STO film �t /�� was
0.55�0.05 �where t is the sample’s thickness and � is total
effective mean free path of the incident electrons�.

Figure 1�b� plots the VEELS spectra of the amorphous
Si �a-Si� layer, the STO ultrathin film, and the crystalline Si
�c-Si� layer. These spectra were recorded by scanning the
probe parallel to the interface. We also depict in Fig. 1�b�,
the reference spectrum acquired in a bulk STO sample under
the same conditions. In both the amorphous and crystalline
Si layers, the sharp peaks at 16.5 eV and 16.6 eV, respec-
tively, are due to their bulk plasmon excitations. In the spec-
trum of the STO thin layer, we observed a small bump at
�8.0 eV that we attribute to coupled interface plasmon
excitations.14,19 There are two pronounced peaks, one around
15.8 eV �peak A� and the other at 28.7 eV �peak B�. Peak A
is close to both the collective excitation at 14.2 eV in the
bulk STO, and the plasmon peak for silicon at around 16.5
eV. We cannot derive its origin straightforwardly. On the
other hand, peak B is about 1.7 eV lower than STO’s bulk-
plasmon peak.

In principle, the valence loss signals depend on
the dielectric response. The intensity of plasmon exicita-
tions I���� Im�−1 /�����=Im��2��� /�1

2���+�2
2����, wherein

Im�−1 /����� is the energy-loss function, and �1��� and
�2��� are the real and imaginary dielectric constants,
respectively.8 However, in a nanoscale structure, the geom-
etry of the surrounding material affects the energy-loss
function.20,21 In particular, Moreau et al.16 derived the rela-
tivistic expression for the excitation probability of an elec-
tron traveling parallel to a sandwiched interface. This theory
was used to characterize the interface plasmon of a 2 nm
thick SiO2 layer sandwiched by silicon.19 In this study, our
model assumed that 1 nm STO layer suffices to retain the
dielectric property of the bulk STO, so that we can apply the
dielectric response theory to our system. Accordingly, we
carried out the calculations using the equations described by
Moreau et al., in Appendix B of Ref. 16. The real and imagi-
nary parts of the dielectric functions were obtained from the
Kramers–Kronig analyses of the spectra from bulk a-Si, bulk
c-Si, and bulk STO.

We then determined the spectrum of 1 nm STO layer
sandwiched within infinitely thick a-Si and c-Si layers. To
evaluate t, the contribution from the sandwiched Si, we car-
ried out the similar calculations in the same sandwiched ge-
ometry after replacing the thin STO layer with vacuum. In
both models, the electron probes were set at the centers of
the STO, or vacuum layer �x0=0�. Figure 2 shows the calcu-
lated results for these two models; for comparison, we repro-
duce the experimental EELS spectrum of STO layer from
Fig. 1�b�. In the calculated spectrum of STO layer, there are
two pronounced peaks around 15 and 30 eV, approximately
corresponding to peaks A and B in the experiment, respec-
tively. However, in calculated spectrum of the vacuum layer,
peak A remained but peak B disappeared. The position of
peak A in the spectrum calculated for the STO layer almost
matched its experimental position. Peak A in the spectrum

calculated for vacuum layer is about 0.4 eV lower than the
peak A in the spectrum of the STO layer, implying that it
originates mainly from the delocalization effect of the Si
layers, but also is partially affected by the STO layer. Our
detailed calculation with different widths of the vacuum
layer in our a-Si/vacuum/c-Si system shows that the energy
of peak A declines with an increase in the width of the
vacuum layer. These findings suggested that peak A mainly is
generated by the coupling of the plasmon of Si layers, and
reflects the geometrical effect of the sandwiched structure.21

On the other hand, the fact that peak B is absent in spectrum
of the vacuum layer, but appears in that of the STO layer
indicates that it is associated with the STO, and can be as-
signed to the bulk plasmon excitation of STO. However, its
position is 1.7 eV lower than that in the bulk material and in
the calculated spectrum of STO layer, so we cannot interpret
it as being affected by the geometric effect.

To further verify the geometric effect, we acquired spec-
tra by moving the electron probe perpendicularly across the
STO layer �from x0�0 to x0�0�. Correspondingly, we also
calculated the spectra under the same conditions with a step
of 0.4 nm �from x0=−3.2 to 2.4 nm�. We plot comparisons of
the relative shift �to the plasmon energy of c-Si layer� of the
experimental and calculated positions of peak A in Fig. 3�a�,
and similar comparisons of positions of peak B in Fig. 3�b�.
In Fig. 3�a�, the calculations fit the experimental findings
very well within the experimental error. Again, they confirm
that peak A, observed in the STO ultrathin layer, mainly is
caused by the coupling of collective excitations between c-Si
and a-Si layers �the geometric effect�; interestingly, both the
experimental and calculated positions of peak B are little
affected by the position of the electron probe within the STO
thin layer �Fig. 3�d��. This is a reasonable finding consider-
ing that the bulk dielectric data of STO are used in the cal-
culations, and the formulae were derived based on the clas-
sical theory.

FIG. 2. �Color online� Comparison of the experimental spectrum of a-Si/
STO/c-Si, the calculated spectra of a-Si/STO/c-Si and a-Si/vacuum/c-Si
sandwich structures using dielectric function theory. All spectra are at the
centers of the layers �x0=0�.

FIG. 3. �Color online� �a� Comparison of experimental and calculated val-
ues of the maximum loss position of peak A. �b� Comparison of STO plas-
mon peaks’ positions of peak B.
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Several possible mechanisms might cause a shift in the
maximum-loss peak. First, we exclude the quantum confine-
ment effect as the cause of the STO bulk plasmon shift to
lower energy because this effect shifts the peak to higher
energy.15 Second, as evident in Fig. 1�b�, the plasmon peak
of STO thin film is broader than that of the STO bulk plas-
mon, due to the damping effect.8 The strong damping effect
in the ultrathin layer may shift the measured plasmon peak
downwards. According to Sanchez et al.,10 the actual plas-
mon peak is at Ep�

2=Emax
�4Emax

2 +�2−Emax
2 , where Ep� is the

bulk plasmon energy, Emax is the measured maximum of
plasmon peak, and � is the damping constant that is approxi-
mately the FWHM of the plasmon peak, 	E. Here, the con-
tribution of band gap was considered.10 By fitting the experi-
mental data with Gaussian function, we estimated that in the
ultrathin STO layer, 	E is �9.8 eV; similarly, 	E is esti-
mated to be 4.6 eV for the STO bulk plasmon. Then, the
corresponding energy of peak B would be �0.3 eV lower
than the value in STO bulk material.22 Undoubtedly, the
damping effect cannot fully explain the shift of peak B in the
ultrathin STO layer.

According to the Drude theory, the bulk plasmon energy
is determined by the density of valence electron, n, and ef-
fective electron mass, meff, i.e., Ep= �
e /��0meff� ·�n.8 The
changes of both valence electron density and effective elec-
tron mass might induce the shift in plasmon energy. As we
knew, the in-plane lattice parameter of STO is 1.7% smaller
than that of Si. The strain from Si compresses the in-plane
lattice parameter of STO. However, the out-of-plane lattice
constant of STO is elongated due to the Poisson effect. The
volume change of the unit cell would be insignificant; in a
similar case, the change in volume is about 0.19% for 5 ML
STO layers on Si.5 Therefore, the energy shift due to the
change in valence electron density can be negligible in our
case.

The only other parameter in the equation for plasmon
energy is an increase in the effective mass-tensor compo-
nents in the plane crossing the electron incident beam at the
electron wave vector q�0. We calculated this enhancement
as 11.5�2.0%, taking into account both geometrical and
damping effects. To explain this enhancement, we note that
the compressive strain in STO and the interfacial structure
between Si and STO was shown to modify the electronic
structure of STO thin films grown on silicon. For instance,
density functional theory �DFT� calculations by Zhang et
al.23 show the valence band offset is 2.26 eV, and the offset
of the conduction band is �0.13 eV. Using x-ray- and
ultraviolet-photoemission spectroscopy, Amy et al.24,25 re-
ported that the maximum position of the valence-band
shifted more than 2.0 eV, depending on the surface treat-
ment; the conduction band’s minimum was below that of Si
by a value from −0.2�−0.46 eV for the STO/Si interface.
The band structural change at the interface may lead to a
decrease in the width of the valence state, possibly by flat-
tening the density of states in the valence band. This mecha-
nism is consistent with our findings on the result of the en-
hancement of effective electron mass in this study.

In summary, we investigated the valence electron-loss
spectroscopy of a c-Si/STO/a-Si sandwiched structure. We
observed two peaks at around 15.8 and 28.7 eV in the 1 nm
STO ultrathin layer. Using dielectric function theory, we cal-
culated the shifts in peaks induced by the geometry of the

sandwiched structure. The peak at 15.8 eV apparently results
mainly from the coupling of Si plasmon peaks with a red-
shift. We can interpret the peak at 28.7 eV as an STO bulk-
plasmon peak, with a 1.7 eV redshift mainly due to the en-
hancement of the effective electron-mass in the STO layer.
Our results demonstrate that the bulk plasmon can be ob-
served, even in a 1 nm thick film. After considering other
possible effects, we consider that valence electron energy-
loss spectroscopy can be a valid method to detect local
changes in effective electron mass.
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